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E-MISSION (AS-504/CSM-104/LM-4) NAVIGATION ERROR ANALYSIS
By
Navigation Analysis Section

TRW Systems Group
1. SUMMARY

An error analysis of simulated observations by MSFN stations and
the onboard tracking system has been performed to determine the accu-
racy of the ground and onboard differential correction schemes at specific
times during the E-Mission., Relative uncertainties in the CSM/LM
position and velocity vectors are presented during the LM-active and the
CSM-active rendezvous phases.

The maximum MSFN navigation errors occur at TLI 2 (= 15 nauti-
cal miles, 111 feet per second). The chief contributor to the magnitude
of the uncertainty at TLI { and TLI 2 is the S-IVB vent uncertainty,
During the LM-active rendezvous sequence, MSFN monitors the CSM/LM
relative state within an uncertainty three sigma RSS less than 0. 3 nautical

mile and 8 feet per second at the corrective combination for maneuver N
(NCC) (Reference 1).

The results for the CSM-active rendezvous portion of the mission
were taken from Reference 2. In this reference, a study was made to
determine the respective effectiveness of the sextant and the crew optical
alignment sight device. The analysis concluded that the sextant was
superior for navigation. The maximum uncertainty (three sigma), when
using the sextant during the CSM-active rendezvous, occurs at nominal
time of NSR (=1. 6 nautical miles, 10 feet per second).

At initiation of the various descent propulsion system (DPS) and
service propulsion system (SPS) burns during remaining mission phases,
the uncertainties in the position and velocity vectors are less than
0.5 nautical mile and 3 feet per second, respectively. The three-sigma
uncertainty in flight-path angle, speed, and velocity at nominal time of
reentry are 7 x 10-6 radian, 0. 024 foot per second and 500 feet,
respectively.



2, INTRODUCTION

The purpose of this analysis is to compute an estimate of the accu-
racy with which the E-Mission trajectories can be computed from MSFN
and onboard tracking data. This information is used to support a complete
dispersion analysis for the E-Mission which computes an estimate of the
fuel required to satisfy the mission objectives as well as expected trajec-
tory dispersions. The analysis simulates the data incorporation and
filtering techniques which may be employed either onboard or on the
ground.

The navigation analysis results reported in this document are a com-
bined effort of MSC and TRW. MSC provided the analysis for the CSM-
active rendezvous using both onboard and MSFN data. The Orbit
Error Analysis Program (OEAP) was used in the MSC analysis.

MSC/TRW Task A-194 conducted the analysis of the LM-active rendezvous
phase (Reference 3)., The estimation accuracies presented for this phase
reflect MSEN tracking only. The onboard navigation analysis for the
LM-active rendezvous will be published as a TRW IOC by MSC/TRW

Task A-194. Task A-153 conducted the navigation analysis for the remain-
ing phases of the mission.

The computer programs used by MSC and TRW are identical in
theory except that the OEAP uses analytic formulations while the TRW
TAPP IV program uses an integrated trajectory for computation of the
vehicle's ephemeris, tracking normal matrices, and propagation matrices.

The computer programs used by TRW for the analysis are described
below (References 4, 5, 6, 7):

a) TAPP IV generates an integrated trajectory which matches a
reference trajectory described in References 8 and 9. TAPP IV performs
a complete tracking simulation for the mission including the generation of
vehicle rise-set times and tracking information matrices when given input
tracking stations, their associated data types and rates, and the trajectory.
This program, also, generates coordinate transformation and state tran-
sition matrices.

b) FASTAP I and II process the TAPP IV tape for the two vehicles
and form a tape containing all information, state transition, and coordinate
transformation matrices for the mission.

¢) MOFIT uses the information from the FASTAP II tape to com-
pute the accuracies using a linear error analysis technique.

For the analysis, it was assumed that the ground and CSM onboard
orbit determination schemes solved for three components of position and
three components of velocity.



2.1 Error Model

The error sources considered in the generation of the ground track-
ing information matrices are the noise and bias on each data type and the
uncertainties in drag, the earth's gravitational constant, S-IVB venting,
and in the station locations for each station.

For the onboard estimation procedures (CSM-active rendezvous),
platform misalignment and drift, sextant data biases and noise are con-
sidered in addition to the uncertainties implicit in the ground updates.
Tables I and IT list the one-sigma systematic errors and noise. These
values are consistent with Reference 10,

Maneuver execution errors of 0.2 and 2 feet per second in each
component of the velocity vector were also considered for the nominally
non-zero maneuvers during the CSM-active and LM-active rendezvous
phases, respectively.

2.2 Navigation Plan

The navigation plan consists of an observation schedule for both the
earth-based and onboard tracking systems and specifications of how the
resultant data are used. An error analysis, based on the navigation plan,
provides an assessment of the effect of tracking and orbit prediction errors
on the accuracy of the orbit determination.

The following guidelines were used in the development of the tracking
plan (Reference 11):

a) Two or more stations cannot simultaneously track the same
vehicle. When the vehicle is visible to more than one station, the station
with the longest view period is to be used.

b) The C-band stations measure range, azimuth, and elevation
angles at a rate of one set of observations per 9 seconds. The low speed
sampling rate (1 set/6 seconds) was decreased to 1 set/9 seconds to allow
for 33 1/3 percent data deletion due to skin tracking.

c) The noise associated with skin tracking data is a factor of
3 greater than the noise on C-band beacon tracking data.

d) For the LM- and CSM-active rendezvous phases, the ground
update occurs at least 10 minutes prior to the separation burn. At least
10 minutes before an update, all tracking must have been completed for
that update. The corresponding time allowance for the other mission
phases are 30 and 10 minutes, respectively.

e) The S-band stations measure two-way doppler and x, y angles
at a rate of one set of observables per 6 seconds. However, when a sta-
tion's view period was greater than 10 minutes, the sampling rate was
decreased to one set of observations per minute.



f) During the LM-active rendezvous, either vehicle may be tracked
by a C-band and a S-band station simultaneously.

g) Tracking must occur above the 5 degrees elevation angle.

The MSFN and onboard tracking which was employed in this analysis
is discussed below in four phases.

Phase I: Insertion to SPS trim maneuver
~Phase II: LM-active rendezvous
Phase III: CSM-active rendezvous

Phase IV: TEI to reentry

The navigation error analysis is based on information contained in
Reference 9, except for the LM-active rendezvous which is based on

Reference 8, Figure 1 is an event schedule which presents the order of
the updates and maneuvers.

Phase I

The lift-off time for the trajectory simulation is 1900 hours GMT,
December 1, 1968. The launch phase is completed at S-IVB cutoff
11:35. 28 (min:sec), g.e.t., at which time the S-IVB/CSM/LM is inserted
into a 100-nautical miles circular parking orbit. The first TLI oppor-
tunity occurs upon S-IVB reignition at 3:16:22 (hr:min:sec), g.e.t. The
E-Mission timeline provides for two TLI opportunities, with the second
one occurring approximately one revolution after the first. CRO will
send the update for both opportunities at 2:28 (hr:min), g.e.t. and
4:28 (hr:min), g.e.t., respectively.

At apogee of the second high ellipse (7:31:34 (hr:min:sec), g.e.t.),
the SPS is ignited for a MCC maneuver. The update for this maneuver is
sent from CRO at 7:0 (hr:min), g.e.t. The simulated LOI burn occurs at
14:32:21 (hr:min:sec), g.e.t. ACN transmits the update at 14:0 (hr:min),
g.e.t. The circularization burn (1:06:11:55 (day:hr:min:sec), g.e.t.),
places the spacecraft (SC) in a 150-nautical miles circular orbit. The
update for the maneuver is sent from CRO at 1:05:35 (day:hr:min), g.e.t.

Also included in this phase is a simulation of two LM DPS burns for
the LLM and a SPS trim burn. A MSFN update is sent from CNB at
1:21:52 (day:hr:min), g.e.t., for the DOI burn which occurs at
1:21:41:31 (day:hr:min:sec), g.e.t. Approximately 73 minutes after the
DOI burn, a second DPS maneuver is initiated. The update is sent from
CRO at 1:23:18 (day:hr:min), g.e.t. The SPS trim burn which is per-
formed prior to LM active rendezvous is updated by the Redstone tracking
ship at 2:3:48 (day:hr:min), g.e.t. The burn occurs approximately
52 minutes later. Figures 2 through 7 are bar graphs of the tracking
schedule employed for the analysis during Phase L.




Phase 11

The navigation analysis results for this phase are based on MSFN
tracking only. The tracking simulation employed in this phase reflects
the accuracy with which the ground can monitor the rendezvous sequence
and not the accuracy with which the ground can compute the rendezvous if
used as a backup navigation system.

To further elaborate, the analysis simulates a MSFN update prior
to the separation maneuver, after which time no ground updates were
simulated. However, both C- and S-band stations tracked after separation
and their data were used to compute the trajectories of the CSM and LM
(i. e. , no time allowance was made for ground updates) at time of burn
initiation.

Based on the profile employed by MSC/TRW Task A-194, the MSFN
update for the separation maneuver (2:23:28 (day:hr:min), g.e.t.), is sent
from CRO at 2:23:20 (day:hr:min), g.e.t. Figures 8 and 9 present the
MSFN tracking coverage for the separation through rendezvous phase.

The rise-set times are referenced to the time of launch based on the
revised mission profile. The numbers 0, 1, and 2, printed by the visi-
bility periods in Figures 8 and 9 indicate which vehicle configuration was
tracked by which station. The number 0 printed by a station specifies

that the station tracks the docked vehicle. Similarly, the numbers 1 and 2
designate tracking of the LM and CSM, respectively. If no number is
printed by the visibility period of a station, the vehicle is visible to the
station, but its data is not included in the differential correction. The
LM was given priority in this selection since it is the active vehicle.

Phase III

The duration of this phase is approximately 10 hours. Three
coasting orbits of S-band tracking precede the first two burns which sepa-
rate the CSM from the LM. After nulling the 1 foot per second separation
burn, a second separation maneuver is performed at approximately
4:01:17 (day:hr:min), g.e.t. The update for this maneuver is sent from
CRO at 4:0:54 (day:hr:min), g.e.t. After separation the onboard tracking
system becomes prime.

Between NSR and TPI, 22 marks of sextant data were taken. The
22 marks were initialized with a diagonal weighting(W) matrix of 1000 feet
and 1 foot per second. The tracking normal matrix was then propagated
through TPI and used as a priori information to be combined with the 8
marks of sextant data taken between TPI and MCC L. Following MCC 1,
2 marks were taken. These new data were combined with the a priori
information and used to compute the relative error in the CSM-LM tra-
jectories at MCC 2 and TPF.



Phase IV

The fourth phase is a simulation of the transearth phase of the lunar
landing mission. Three revolutions of tracking data were used to compute
the update from BDA at 6:0:1 (day:hr:min), g.e.t., for the TEI maneuver.
The update for the transearth MCC maneuver (7:22:13:23 (day:hr:min:sec),
g.e.t) is sent from CRO at 7:21:30 (day:hr:min), g.e.t. The SPS deorbit
maneuver occurs at 9:21:45 (day:hr:min), g.e.t. and the update for this
SPS maneuver is transmitted from Redstone at 9:21:0 (day:hr:min), g.e.t.
Entry occurs approximately 17 minutes later.

Figures 10, 11, and 12 present the MSFN tracking that was used in
the analysis during Phase IV.




3. RESULTS

The three-sigma values of the uncertainties in the position and veloc-
ity as determined in this study are presented in Table III. The uncertain-
ties for the burns are computed at the nominal time of ignition for each
burn. The three-sigma values listed in Table I are associated with a
Gaussian distribution with zero mean,

Table IV presents the covariance matrices representing the esti-
mated accuracy associated with the SC position and velocity vectors at the
time of burn initiation. Also included in Table IV are the covariance
matrices which relate the accuracy with which the MSFN can monitor the
LM-active rendezvous. These matrices do not represent the estimation
errors associated with the rendezvous sequence since the update time
constraints were not adhered to in this phase of the analysis. The
matrices associated with the CSM active rendezvous phase included both
ground and onboard data. The onboard system was considered prime
after CSM-LM separation.




4. CONCLUSIONS

1. The large uncertainties in position and velocity at TLI {1 and
TLI 2 are chiefly due to the uncertainity associated with the S-IVB venting.

2. The navigation analysis for the LM-active rendezvous phase
presented is not sufficient for determining the accuracy with which the
rendezvous can be computed when using either the primary or secondary
navigation system. The analysis represents an estimate of how accurately
the MSFN can monitor the rendezvous. MSC/TRW Task A-194 will publish

an error analysis report, based on the onboard navigation system in the
near future,

3. If there were no execution errors associated with the maneuvers
during the CSM-active rendezvous, no intervehicular measurements would
be required for good relative state knowledge at TPI and beyond
(Reference 2).

4, Based on the analysis conductea in Reference 2, SXT measure-
ments, with a W matrix of 1000 feet and 1 foot per second (W not reinitial-
ized after TPI), should be used on the E-Mission CSM-~active rendezvous,

5. The MSFN coverage for all non-rendezvous related maneuvers
seems adequate for the entire E-Mission.

11
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Table I. One-Sigma Values of MSFN Error Sources

USBS Tracking Accuracy

Bias Noise
X-Y Mount 1.6 mrad 0.8 mrad
Two-Way Doppler 0. 03 fps 0. 02 fps

C-Band Tracking Accuracy (Skin Track)

Azimuth and Elevation 0.3 mrad 0.45 mrad
Range 40 ft 60 ft
Station Location Uncertainties
Latitude Longitude Altitude
Station (rad) (rad) (ft)
CRO 0.92114602x10 "> 1. 0665901x10 > 190. 3
CNB 0.92114602x10™> 1. 0665901x10 > 216. 5
HAW  0.67873917x10™°  0.77570191x10 >  141.1
GDS 0.53329506x10°>  0.58177643x10™>  131.2
GYM 0. 48481369x10'5 0. 58177643x10 7> 134, 5
CWM  3.1028070x10 > 3.19977x107° 105. 0
TEX 0.48481369x10™>  0.53329506x10 >  131.2
MIL 0.48481369x10™°  0.58177643x107>  131.2
GBM  0.48481369x107°  0.58177643x107°  134.5
BDA 0.58177643x10™>  0.67813917x10™>  141.1
ANG 0.53329506x10™>  0.58177643x10™>  137.8
CYI 2.2301430x10°° 2. 4725498x10 > 105. 0
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Table I. One-Sigma Values of MSFN Error Sources (Continued)

Station Location Uncertainties

Latitude Longitude Altitude
Station (rad) (rad) (ft)
ACN 1. 6483666x10 > 1. 6968479x10 2 105. 0
MAD 0.48481369x10° >  0.38785094x10 >  141.0

Drag factor uncertainty: 0. 10 (represents 10 percent of nom-
inal drag)

Uncertainty in earth gravitational constant: . 106x1012
(int ft)3/sec?

S-IVB vent uncertainty: 2 1b

Table II. One-Sigma Values of Onboard Error Sources

Source 1o Value
Sextant shaft and trunnion bias 0. 2 mrad per axis
Sextant shaft and trunnion noise 0. 2 mrad per axis
Platform misalignment 0. 2 mrad per axis
Platform drift rate 0.5 mrad per axis hour
12

Gravitational constant 0. 106x10" " (int 1'1:)3/sec:2
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Table IV. Covariance Matrices (One Sigma)

Format for covariance matrices

o o o O . o . O s

uu uv uw uu uv uw

o o O, . 0. = O

\VAY VW vu vv vw

o O O s O .

wWwW wu wvV wWwW

O, T O s

av aw

symmetrical .. O« »
v

O.o

WW

The coordinate system for the covariance
matrices is described below:

u - in the direction of the geocentric radius
vector of the vehicle at the time of the
event

v - orthogonal to u, pointing downrange in
the orbit plane

W - mutually orthogonal to u and v, complet-
ing the righthanded system

The units for position and velocity are feet
and feet per second, respectively. The rela-
tive covariances are in the coordinates of the
CSM.
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